A c c e p t e d M a n u s c r i p t  Ultrasound combined with Mg 2+ enhances the synthesis of aragonite by carbonation.
Introduction
Calcium carbonate (CaCO 3 ) is an abundant mineral in nature; approximately 5 % of the Earth's crust consists of it, in the form of limestone (Stearn, 1989) . It is an important building material in living organisms as bones, teeth and shells; moreover it can be found in several industrial applications.
Calcium carbonate is used as filler or coating pigment in paper, plastics, rubbers and adhesives; as filler, extender and pH buffer in paints; as filler and color stabilizer in concrete; for environmental pollution control and remediation in flue gas and water treatment; in fertilizers and animal feed as calcium supply; among other uses in glass, ceramics, cosmetics and hygienic products (CCA Europe, 2011) .
Calcium carbonate appears in nature in three polymorphs. The most common is calcite, as it is the most stable polymorph at ambient temperature and pressure. Its crystal system is trigonal, and appears in a range of morphologies, the most common being rhombohedral and scalenohedral forms (Vecht and Ireland, 2000) . Aragonite is a metastable polymorph, commonly occurring in aquatic environments, formed by biological or physical precipitation mediated by suitable pressure, ionic concentration and pH; it can be found in shell structures of shellfish (e.g. oysters and abalones), pearls and sediments in hot springs (Ryu et al., 2010) . At standard temperature and pressure, it converts into calcite over Page 5 of 42 A c c e p t e d M a n u s c r i p t 3 several million years. Its crystal system is orthorhombic, and crystals are most commonly needle-like (acicular) or spindle-like, although flower-like (flos-ferri), cauliflower-and flake-like crystals are also reported (Zhou et al., 2004) . Lastly, vaterite, which has a hexagonal crystal system and spherical morphology (Wang et al., 1999) , is the rarest polymorph, being unstable and rapidly reverting to one of the more stable forms.
Calcium carbonate that is industrially used as a filler or pigment is most commonly calcite due to easy production routes. Aragonite, however, presents some improved physical and mechanical properties. Polyvinyl alcohol or polypropylene composites with aragonite filler show improved tensile strength, impact strength, glass temperature and decomposition temperature (Hu et al., 2009) , while aragonite-containing paper coating benefits from improved brightness, opacity, strength and printability (Katayama et al., 1992) . Given the differences in material physical properties (Table 1) between the polymorphs are small, the improved aragonite performance is attributable to morphological differences (e.g. particle aspect ratio and packing density).
Aragonite synthesis by mineral carbonation is favored at 60 to 70 °C (Hu and Deng, 2003) . At higher temperatures (and ambient pressure), aragonite is unstable and polymorph change towards calcite takes place (Passe-Coutrin et al., 1995) . At lower temperatures, such as ambient, vaterite formation is possible; however its conversion to calcite is rapid (Wang et al., 1999) . On the other hand, aragonite is calcium carbonate's high-pressure polymorph: increasing the pressure advances the stability of the crystals (Zhou et al., 2004) .
Aragonite synthesis can also be promoted by controlling the aqueous chemistry of the precipitation solution, an example being the control of the saturation degree (SS). A low degree of supersaturation (SS << 1) has been found to favor aragonite formation (Hu and Deng, 2003) . Matsumoto et al. (2010) used the minute gas-liquid interface around CO 2 /NH 3 microbubbles as a reaction field to promote aragonite nucleation. It was possible to adjust the concentration of Ca 2+ and CO 3 2− ion concentrations at A c c e p t e d M a n u s c r i p t 4 the interface by varying solution pH and gas composition, which affected the electric charge on the bubble surface and the difference between local and bulk pH. At a solution pH of 9.7-10.5 the crystallization of aragonite was accelerated remarkably with a decrease in the CO 2 /NH 3 ratio and gas bubble size (<100 μm).
Additionally, additives have been found to enhance aragonite formation in several studies. Ota et al. (1995) was able to obtain aragonite whiskers from the carbonation of a mixture of calcium hydroxide and magnesium chloride, at a molar Mg-to-Ca ratio (MCR) of 1.52, at 80 o C. Similarly, Katayama et al. (1992) used phosphoric acid as an additive instead of magnesium, at 2 wt% to Ca(OH) 2 , and obtained 20 μm long aragonite needles at 50 o C. The most relevant study to date on aragonite synthesis for the carbonation system of interest in the present study is that of Park et al. (2008) . They investigated the influence of the concentration of magnesium ions (MgCl 2 ) on the carbonation of Ca(OH) 2 slurry in a reactor at 80 °C. It was found that when the magnesium concentration is higher than 71 mol%, corresponding to a magnesium-to-calcium ratio (MCR) greater than 2, pure aragonite can be synthesized. Moreover, increasing the MCR resulted in smaller particles, with a maximal aspect ratio occurring in the interval of 71-75 mol%. They postulated that the magnesium ions bind to the calcite microcrystal surface, inhibiting the nucleation and growth of calcite crystals. In an earlier study, Ahn et al. (2004) had found that aragonite formation had no permanent relation to the pH value, the MRC, or A c c e p t e d M a n u s c r i p t 5 is, the formation of small cavities or microbubbles that grow and collapse rapidly. The collapsing microbubbles produce high local temperatures and pressures and high shear forces. Experimental work is reported on the use of ultrasound to speed up carbonation of an aqueous calcium carbonate salt solution (Nishida, 2004) and the seeded sonocrystallization of calcite at constant composition conditions (Boels et al., 2011) . Rao et al. (2007) found that ultrasound increased the carbonation conversion of fluidized bed combustion ash, and López-Periago et al. (2010) used a sonic bath to enhance carbonation of calcium hydroxide using supercritical CO 2 . The formation of vaterite with ultrasound has been reported from aqueous salt solutions (Kojima et al., 2010; Price et al., 2011 ii. To explore the influencing parameters that induce aragonite formation based on directions given in literature, but herein performed systematically and dedicated to the mineral carbonation process; the aims were to confirm and extend the state of knowledge, and to find the optimum aragonite-promoting process conditions. Quantification of calcite and aragonite in completely carbonated samples was performed using
Eq. (1), where F a is the fraction (wt%) of aragonite and I is the intensity of an associated peak: I 111 and I 221 refer to the aragonite peaks at 26.3° and 45.9° 2θ, I 104 is the intensity of the calcite peak at 29.5°.
This equation is derived from the equation used by Park et al. (2008) , but fitting the coefficients to calibration performed using pure standards at three aragonite(A):calcite(C) mixture ratios:
25%A:75%C, 55%A:45%C, and 75%A:25%C. The quantification uncertainty is estimated at approximately ±0.5%. 
A c c e p t e d M a n u s c r i p t (2008)). Table 2 , it appears >99% aragonite can be obtained at temperatures just slightly higher. These results suggest a slight improvement with regards to synthesis temperature in comparison with results of Ota et al. (1995) and Park et al. (2008) , and confirm the effect of temperature on promoting aragonite formation in the presence of magnesium ions. Second, the generation of nucleation sites is likely greatly enhanced by sonication, therefore even if crystal growth of aragonite at lower bulk temperature is comparatively slow, the constant generation of aragonite seeds enables aragonite crystal growth to remain statistically preferable over calcite. These mechanisms can also explain the morphological differences seen in the precipitates, discussed next.
The morphology of the crystals produced is illustrated in Table 2 . It can be clearly seen that at 70 o C the particle morphology resembles needle-like aragonite reported in literature, regardless of mixing method. Also with both mixing methods, lowering temperature results in reduction of particle size.
However with ultrasound mixing, the particles remain aragonite, achieving newly observed particle however in this case scalenohedral calcite crystals are dominant. This further reaffirms that the unique morphology is due to synthesis at low temperature rather than solely due to sonication of the forming crystals.
The images in Fig. 3b, Fig. 3c , Fig. 3f and Fig. 3g 
Influence of MCR
In an ultrasonic environment with an MCR of 3, pure aragonite can be synthesized at 55 °C, as shown previously. It was of interest to know if a higher MCR allows for production of pure aragonite at Additionally, a possible explanation of the mechanism of magnesium ions in participating in the carbonation reaction to promote aragonite was observed. Upon addition of magnesium chloride to solution, magnesium ions reacted with water and precipitated as brucite (Mg(OH) 2 ). Brucite formation was found to be quite fast, as evidence by large brucite peaks in XRD analysis for samples filtered minutes after mixing. Furthermore, unreacted portlandite peaks were found to nearly disappear, indicating that calcium ions had been leached into solution, forming dissolved calcium chloride (Eq. 2).
Over time, it is believed that as calcium ions react with carbonate ions, brucite solubilizes back into magnesium chloride, and calcium carbonate is precipitated (Eq. 3). This is also confirmed by reduction in brucite peak heights by XRD, and complete disappearance once the carbonation reaction is completed. These reaction steps were confirmed by Visual MINTEQ chemical equilibrium modeling and are presented in more detail in Ceulemans (2011) . The promotion of aragonite in the presence of magnesium chloride thus may be linked with the carbonation reaction taking place in solution rather than by direct mineral carbonation (Eq. 4). A c c e p t e d M a n u s c r i p t
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The ultrasound probe used allows the setting of two process parameters: amplitude and cycle. The amplitude is the distance the sonotrode surface travels within an oscillation stroke. Larger amplitude leads to higher rate at which the cavity pressure increases and decreases at each stroke, and increased displacement volume, resulting in a larger cavitation volume (bubble size and/or number). When applied to slurries, higher amplitudes provide greater potential for solid particle breakage (Hielscher, 2006) . The reason for intermediate amplitudes being optimal may lie in the effect of ultrasound intensity on the generation rate of cavities and their resulting collapse pressure (Gogate et al., 2003) . Gogate et al. (2003) have found by computational modeling that although an increase in ultrasound intensity leads to bubble growth, it also leads to a reduction of the bubble wall pressure at the collapse point of the cavity, due to dissipation of energy from the longer-living bubble to the liquid medium. They postulate that upon increasing intensity, there is an optimal point where the overall pressure pulse, defined as the A c c e p t e d M a n u s c r i p t 13 product of the number of cavities in the system and the collapse pressure due to the single cavity, is greatest, beyond which it decreases due to leveling off of cavity generation. For the present system (i.e. ultrasonic processor, sonotrode probe, 1 liter water medium volume, and 2 liter glass beaker receptacle) it may well be that the optimal overall pressure pulse occurs near 60% amplitude.
Influence of other process parameters
Three additional process parameters were investigated for their effect on aragonite formation:
ultrasound pre-breakage, CO 2 flow rate, and relative concentration. Results are shown in Table 3 for varying sets of process conditions.
Pre-breakage is defined as sonication time applied to the calcium hydroxide slurry prior to CO 2 gas introduction into the solution. The objective is to reduce the particle size induced by the imploding cavitations, thereby increasing uncarbonated material surface area, which should have an effect both on the dissolution and the carbonation reaction kinetics and equilibria. Table 3 presents four sets of data, comparing samples subjected or not to pre-breakage (from 0 to 45 minutes). These sets utilize varying process conditions (pre-breakage times, MCR, mixing, relative concentration and CO 2 flow). It can be seen that under all process condition combinations, save the last, pre-breakage promotes greater aragonite synthesis, expressed as the aragonite fraction of the resulting calcium carbonate precipitates.
In the first two cases the benefit is greater given the process conditions lead to intermediate aragonite purity, while for the later two cases the benefit is smaller to nil, given aragonite purity is greater than 90% already. It is theorized that pre-breakage promotes aragonite synthesis by improving the reaction between calcium hydroxide and magnesium chloride prior to carbonation, whereas without prebreakage there is greater likelihood that calcium ions dissolved directly from unreacted calcium hydroxide will form calcite.
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The next process parameter discussed is CO 2 flow rate. Lastly, the effect of relative concentration (RC) on aragonite formation was tested. Relative concentration is defined as the initial calcium hydroxide concentration in slurry relative to the typical value of 3.7 g/L used in most experiments (e.g. RC = 2 means Ca(OH) 2 = 7.2 g/L). It should be noted that the magnesium chloride concentration is adjusted accordingly to maintain the same MCR for comparison purpose. increasing the effective influence of magnesium chloride (i.e. at RC = 2 and MCR = 3, it is as if the MCR was 6). These results are in agreement with observations of Ahn et al. (2004) , who postulated that magnesium concentration rather than MCR controls aragonite formation, with a minimum Mg concentration being required to suppress calcite formation. Along these lines, in Table 3 it can be seen that when RC = 1/2 or 1/3 the aragonite fractions drops significantly. A last note to be made about relative concentration is that the carbonation reaction time decreases at lower RC, as can be seen in Fig.   7 for RC = 1/3. This finding will be used later on in the section about a fed-batch process.
Synthesis at optimized conditions and lowest temperature
Up to this point, investigating and optimizing influencing parameters has resulted in a list of optimal values, which can be combined to improve the low-temperature synthesis of aragonite. Of particular note, rather than using RC = 2 with MCR = 3, it was chosen to keep RC = 1 with MCR = 6, to reduce the reaction time. Also the CO 2 flow rate chosen was 0.24 NL/min, again to reduce the reaction time compared to using the 0.12 NL/min found to be optimal for aragonite selectivity. The final combination conditions utilized for the optimized synthesis, which resulted in 99.0% aragonite precipitate with the morphology shown in Fig. 8a , were:
• T = 30 °C
• RC = 1
• MCR = 6 (3.7 g Ca(OH) 2 + 61 g MgCl 2 .6H 2 O in 1 liter DI water)
• US Amplitude = 60%; US Cycle = 100% 
Fed-batch process
To make this synthesis process interesting from an industrial production perspective the efficiency of this process must be higher. Indeed, in 1 liter water at RC = 1 there will be only five grams of aragonite produced according to this process. Furthermore, for synthesizing those five grams, 61 g of magnesium chloride hexahydrate are needed. This ratio appears wasteful, unless the magnesium chloride can be proven to be reusable. Two ideas were considered: (i) filtering the carbonated slurry and reutilizing the solution for further synthesis cycles with addition of new Ca(OH) 2 , or (ii) adding new Ca(OH) 2 to the synthesis slurry on a continuous basis for an extended period of time (i.e. a fed-batch process (Ahn et al., 2007) ). The second solution turned out to be the preferred route, as in the first case the filtration proved difficult to perform in a timely manner and the synthesis product suffered from contamination with brucite (Mg(OH) 2 ) when the reaction had not been fully completed prior to filtration (Ceulemans, 2011) . The following process conditions were chosen for the fed-batch process:
• • US Amplitude = 60 %; US Cycle = 100 %
The resulting fed-batch-produced calcium carbonate precipitate contained 96.7% aragonite, as shown in Fig. 9 . The cause of the small calcite formation is possibly due to addition of fresh Ca(OH) 2 directly to the slurry during carbonation, while in previous single batch experiments the calcium hydroxide was pre-mixed with magnesium chloride prior to CO 2 introduction. A small portion of the newly added Ca(OH) 2 may react directly with carbonate ions forming calcite, prior to magnesium chloride taking its full effect in equilibrating with the unreacted material. The aragonite purity may improve further if Ca(OH) 2 addition is done in a truly continuous basis with a feeding pump. The particle morphology also changed from the hubbard squash-like shape to what appear to be clustered crystal particles of 1-3 μm in size. By inspection of Fig. 8c , it appears additional crystal growth occurs due to prolonged exposure of early-synthesized aragonite crystals to the reacting slurry. Maintenance of the hubbard squash-like likely requires immediate separation of the formed crystals prior to solution re-utilization.
Precipitate powder characterization by laser diffraction
Pure aragonite precipitates were synthesized in this study at a range of temperatures spanning from 24 o C to 70 o C. As has been shown by SEM analysis (Fig. 3) , particle morphology changes as a function of temperature and so does particle size. Particle size and particle size distribution are important parameters of powder materials for certain industrial applications such as paper coating or polymer filler; these data are not typically reported in literature for novel calcium carbonate morphologies, making it impractical to assess their suitability for industrial use. As such, the effect of synthesis temperature on aragonite particle size was studied in more detail by laser diffraction.
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Conclusions
Ultrasound has been proven, in combination with magnesium chloride in solution, to enhance the Zhou et al. (2004) , while aragonite purity was proportional to ultrasound application, with 100% cycle (continuous US) being best. Ultrasound pre-breakage is theorized to promote aragonite synthesis by improving the reaction between calcium hydroxide and magnesium chloride prior to carbonation, reducing the likelihood that calcium ions dissolved directly from unreacted calcium hydroxide will form calcite. Lowering the CO 2 flow rate was also found to promote aragonite synthesis, leading to lower level of supersaturation that has been reported to favor aragonite (Hu and Deng, 2003) . Finally the aragonite promoting effect of relative concentration was linked to the increased magnesium chloride concentration when RC is larger, though the MCR remains the same; this response has also been previously suggested by Ahn et al. (2004) .
While other authors have reported similar strategies to promote aragonite, none have combined them to find an optimal process that produces pure aragonite; in fact most studies only report aragonite production at low purity levels or even in near trace amounts. That is why the reaction temperature is typically kept relatively high. In this work not only low temperature aragonite synthesis was proven, but crystals with new particle morphology (hubbard squash-like) have been produced. This material may have interesting industrial applications, which are yet to be identified. A potential route for industrial production of nearly pure aragonite at low temperature has been identified via a fed-batch process, which effectively reutilizes magnesium chloride while maintaining high aragonite yield, M a n u s c r i p t 24   Tables and Table Captions : Table 1 -Physical properties of calcite and aragonite (Dimmick, 2003; Haynes, 2011; Roberts et al., 1990 M a n u s c r i p t 25 M a n u s c r i p t 26 M a n u s c r i p t 28 
